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Abstract. Knowledge of the equation of state of the baryon matter plays a decisive role in
the description of neutron stars. With an increase of the baryon density the filling of Fermi
seas of hyperons and ∆ isobars becomes possible. Their inclusion into standard relativistic
mean-field models results in a strong softening of the equation of state and a lowering of the
maximum neutron star mass below the measured values. We extend a relativistic mean-field
model with scaled hadron masses and coupling constants developed in our previous works and
take into account now not only hyperons but also the ∆ isobars. We analyze available empirical
information to put constraints on coupling constants of ∆s to mesonic mean fields. We show that
the resulting equation of state satisfies majority of presently known experimental constraints.
1. Introduction
Relativistic mean-field (RMF) models are widely used to construct a realistic equation of state
(EoS), which could satisfy various experimental constraints [1]. The most challenging task is to
reconcile the constraint on the pressure in the isospin-symmetrical matter (ISM), the so-called
”flow constraint” [2], which favors a soft EoS, and the existence of the neutron star (NS), with
the mass M = 2.01 ± 0.04M [3] (M is the Sun mass), which favors a stiff EoS. In standard
RMF models hyperons may appear in NS cores. This results in a decrease of the maximum
NS mass below the observed limit, cf. [4] and references therein. The appearance of ∆ isobars
in NSs would lead to a further decrease of the maximum NS mass [5]. These problems are
dubbed in the literature as the hyperon and ∆ puzzles. In [6, 7] we proposed an RMF model
with scaled hadron masses and coupling constants (labeled there as MKVOR), which solves the
hyperon puzzle and fulfills successfully the maximum mass constraint, the flow constraint and
various other constraints, but the ∆s were not included. Here we show that our model passes
the constraints also with the inclusion of ∆s. A more detailed consideration can be found in [8].
2. The RMF model with scaled hadron masses and couplings
The Lagrangian of the model is formulated in [6, 7]. The model is a generalization of the non-
linear Walecka model with effective coupling constants g∗mb = gmbχmb(σ) and hadron masses
m∗i = miΦi(σ) dependent on the σ field [9], here m = {σ, ω, ρ, φ} lists the included mesonic
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fields, b = (N,H,∆) indicates the baryon species (N = p, n; H is the Λ,Σ,Ξ hyperon; ∆ labels
the ∆ isobar) and i = (b,m) labels the hadrons; χmb(σ) and Φi(σ) are the corresponding scaling
functions. In the RMF approximation the contribution of ∆s to the energy density has the same
form as for spin-1/2 fermions but with the spin degeneracy factor 4. The energy density of our
model,
E[{nb}, {nl}, f ] =
∑
b
Ekin
(
pF,b,m
∗
b(f), sb
)
+
∑
l=e,µ
Ekin(pF,l,ml, sl) +
m4Nf
2
2C2σ
ησ(f)
+
1
2m2N
[C2ωn2
ηω(f)
+
C2ρn
2
I
ηρ(f)
+
C2φn
2
S
ηφ(f)
]
, n =
∑
b
xωbnb, nI =
∑
b
xρbt3bnb, nφ =
∑
H
xφHnH , (1)
is expressed in terms of the scalar field f = g∗σN (σ)σ/mN , xmb = gmb/gmN and particle
densities nj = (2sj + 1)p
3
F,j/6pi
2, where j = (b, l), sj is the fermion spin and t3b stands
for the isospin projection of baryon b. The fermion kinetic energy density is defined as
Ekin(pF,m, s) = (2s + 1)
∫ pF
0
p2dp
2pi2
√
p2 +m2 . Meson coupling constants, masses and scaling
functions enter the energy density only in combinations
CM = gMmN/mM , Cφ = gωmN/mφ, ηm = Φ
2
m(f)/χ
2
m(f), M = σ, ω, ρ . (2)
Therefore, studying infinite matter we do not have to specify the coupling constants, meson
masses and their scaling factors separately. The baryon mass scaling function is Φb =
1 − xσb(mN/mb)f . The particle densities as functions of the total baryon density n in beta-
equilibrium matter (BEM) follow from the conditions: µb = µn −Qbµl, where Qb is the baryon
charge and µj =
∂E
∂nj
are the fermion chemical potentials; µe = µµ; and the charge neutrality
condition
∑
bQbnb−ne−nµ = 0. These equations are solved self-consistently with the equation
of motion for the scalar field ∂E/∂f = 0. Finally, the pressure is given by P =
∑
j µjnj − E.
The parameters of the model in the nucleon sector are fitted to reproduce the nuclear
matter saturation properties, which are defined as coefficients of the Taylor expansion of
the energy per particle in ISM in terms of  = (n − n0)/3n0 and β = (nn − np)/n,
E = E0 + K2 2 − K
′
6 
3 + β2J˜(n) + . . . and J˜(n) = J˜ + L +
Ksym
2 
2 + . . . . We consider an
extension of the MKVOR model introduced in [6, 7], labeled as MKVOR*, for details see [8].
The input parameters are the same as in the MKVOR model: the nuclear saturation density
n0 = 0.16 fm
−3, the binding energy E0 = −16 MeV, the incompressibility K = 250 MeV, the
symmetry energy J˜ = 32 MeV and the nucleon effective mass m∗N (n0) = 0.73mN .
Scaling functions of the MKVOR* model as functions of the scalar field are shown in figure 1.
Compared to MKVOR model in the ηω(f) function an additional sharp decrease at f > 0.95 is
introduced. A sharp decrease of at least one of ηM (f) scaling functions for f > fc leads to a
stiffening of the EoS, cf. [10]. It limits the scalar field growth with the increasing density and
prevents the nucleon effective mass from vanishing, which would occur in the original MKVOR
model in the ISM if ∆ were included. Dashes in figure 1 mark maximum values of the scalar
field fmax, reachable in the NSs. In the BEM all results for MKVOR and MKVOR* models
coincide for densities reachable in NSs. The behavior of the scaling functions for f > fmax is
irrelevant in BEM.
The hyperon and ∆ couplings with vector mesons are related to the nucleon ones via the
SU(6) symmetry relations [11]:
gωΛ = gωΣ = 2gωΞ =
2
3gωN , gρΣ = 2gρΞ = 2gρN , gρΛ = gφN = 0 ,
2gφΛ = 2gφΣ = gφΞ = −2
√
2
3 gωN , gω∆ = gωN , gρ∆ = gρN , gφ∆ = 0 . (3)
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Figure 1. Scaling functions ησ (left panel), ηω (middle panel) and ηρ (right panel) for the
MKVOR* model. Dashes indicate maximum values of f(n) reachable in NSs.
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Figure 2. Left panel: ∆ concentrations in ISM as functions of the density. Lines are labeled
with the potentials U∆, in MeV. Right panel: Pressure as a function of the density for our
model without and with ∆s for U∆ = −50 MeV, U∆ = −67 MeV and U∆ = −100 MeV. For
U∆ = −67 MeV and −100 MeV bold lines show the Maxwell constructions and thin lines show
the original pressure curves. Hatched area shows the flow constraint from [2].
Coupling constants with the σ meson follow from the baryon potentials in ISM at the saturation
density Ub = C
2
ωm
−2
N xωbn0 − (mN −m∗N (n0))xσb, where we set UΛ = −28 MeV, UΣ = 30 MeV,
and UΞ = −15 MeV. The ∆ potential is poorly constrained by the data. We explore the range
−50 MeV < U∆ < −100 MeV, keeping in mind that the realistic value of U∆ is close to the
nucleon one UN ∼ −(50–60) MeV. The scaling function for φ meson is chosen as ηφ = (1− f)2,
which corresponds to the Hφ set of models in [7]. Below we label the MKVOR* model with
∆s and without hyperons as MKVOR*∆, and the model with ∆s and full baryon octet with
Hφ scaling as MKVOR*H∆φ. Neutron star masses and radii are obtained by integrating the
Tolman–Oppenheimer–Volkoff equation. For the BEM for densities n ≤ 0.75n0 our EoS is
supplemented by the EoS of the NS crust. The details can be found in [7].
3. Numerical results
On the left panel in figure 2 we show the ∆ concentrations, determined in the ISM by the
chemical equilibrium condition µN (n, n∆) = µ∆(n, n∆). We see that with a decrease of U∆ the
critical density for the ∆ appearance decreases. For U∆ > −55 MeV the ∆ baryons appear in a
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Figure 3. Particle fractions and the scalar field f as functions of the density in BEM in
the MKVOR*∆ (left panel) and MKVOR*H∆φ (right panel) models for U∆ = −50 MeV and
−100 MeV.
third-order phase transition. Interestingly, for U∆ < −67 MeV there exists a density range with
multiple solutions for n∆ at a given density. Among these solutions the one with greater n∆ is
energetically favorable. This means that ∆s appear with a jump from n∆ = 0 to a finite value
of n∆ in a first-order phase transition. The pressure in the ISM as a function of the density is
shown on the right panel in figure 2. For U∆ < −55 MeV in the equilibrium the system follows
the Maxwell-construction line. For U∆ < −67 MeV the region with multiple solutions manifests
itself also in the pressure. Note that for −83 MeV < U < −65 MeV the equilibrium pressure
curve lies fully within the flow constraint. It means that if in the future the constraint sharpens,
it could be used to constrain the ∆ potential.
The particle fractions as functions of the density in the BEM are presented in figure 3
for the MKVOR*∆ model (left panel) and for the MKVOR*H∆φ model (right panel), for
U∆ = −50 MeV and −100 MeV. With an increase of the density ∆−s appear in both cases at
density n = 2.51n0 for U∆ = −50 MeV and n = 1.74n0 for U∆ = −100 MeV. The ∆ fraction
increases sharply, and for the MKVOR*∆ model reaches 0.23 and 0.17 for U∆ = −50 MeV and
−100 MeV, respectively. As in [5], the inclusion of hyperons reduces the amount of ∆s at a given
density.
Despite the ∆ fraction in the NS medium is large, the effect of ∆s on the NS masses and
radii appears to be small. On the left panel in figure 4 we show the NS mass as a function
of the central density for our models, and on the middle panel the mass-radius plot is shown.
The maximum decrease of a NS mass at a given central density in MKVOR*H∆φ model is
less than 0.02M for U∆ = −50 MeV and does not exceed 0.2M for U∆ = −100 MeV. The
decrease of the maximum NS mass is even smaller, being less than 0.05M for U∆ = −100 MeV.
The change of the NS radius for a given NS mass is not more than 0.5 km. Thus, within the
MKVOR*H∆φ model both ∆ and hyperon puzzles are resolved.
An interesting observation is that the inclusion of ∆s allows to improve the constraint
extracted from analysis of gravitational and baryon masses of the pulsar J0737-3039(B) [12]. On
the right panel in figure 4 we show the gravitational NS mass as a function of the baryon NS mass
for U∆ = −50 MeV and −100 MeV together with the constraint from [12]. For U∆ = −50 MeV
the curve is the same as in the case without ∆s, since ∆s do not appear at the densities
corresponding to the central density of the NS with MG ' 1.25M. For U∆ = −100 MeV the
constraint is passed better.
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Figure 4. The NS mass versus the central density (left panel) and NS radius (middle
panel) in the MKVOR*, MKVOR*Hφ, MKVOR*∆ (U∆ = −100 MeV) and MKVOR*H∆φ
(U∆ = −50 MeV and −100 MeV ) models. Right panel: The gravitational NS mass as a function
of the baryon mass for MKVOR*H∆φ model for U∆ = −50 MeV (∆s do not yet appear for stars
with masses in the shown range) and U∆ = −100 MeV. Shaded rectangle shows the constraint
from [12], two empty rectangles show the change of the constraint at the assumption of progenitor
mass loss by 0.3%M and 1%M.
4. Conclusion
We studied the effect of inclusion of ∆ isobars on the EoS of the NS matter with hyperons within
the MKVOR-based RMF models of [6, 7] with scaled hadron coupling constants and masses. We
varied the ∆ potential at the saturation density, U∆, in the range −100 MeV < U∆ < −50 MeV
to estimate the maximum effect of the ∆ appearance on NS properties. For the ISM ∆ baryons
can appear in third- or first-order phase transitions, depending on the value of U∆. In the NS
matter the ∆ fraction is not small for −100 MeV < U∆ < −50 MeV, which we studied. In spite
of that, a decrease of the maximum NS mass does not exceed 0.05M, so the maximum mass
constraint remains satisfied. In the presence of ∆s the constraint on the relation between the
gravitational and baryon masses of J0737-3039(B) [12] proves to be better fulfilled.
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